Transcription initiation by eukaryotic RNA polymerase III (PoIIII) on various types of class III genes is dependent upon a number of protein initiation factors and upon short DNA sequences of several types that specifically bind some of the factors (13) . For tRNA genes, the binding of factor TFIIIC to box A and box B of the internal promoter is well documented (13, 56) and contributes to formation of the transcription initiation complex (3, 27) . Similarly, for 5S rRNA genes, binding to internal sequences occurs, with TFIIIA binding first to the C box, followed by TFIIIC binding to box A and to a sequence 3' to box C (46) . Very often observed, but less intensively studied, are effects of the 5'-flanking sequence context of tRNA and 5S rRNA genes upon their level of in vitro and in vivo expression (14, 24, 26, 33, 38, 53) . Several reports have described tRNA genes that are activated by removal or replacement of their natural 5'-flanking sequences (24) , while in other cases, replacement of the native 5' context leads to decreased transcription activity (14, 26, 33, 38, 53) . The latter results are not easily explainable in terms of an obligatory upstream activation element that binds a single required general transcription factor; the deleted 5'-flanking sequences whose absence inactivates different tRNA genes are highly dissimilar. Whether these sequences need to be recognized by specific DNA-binding proteins for the adjacent genes to be transcribed is not clear; activation may depend upon another attribute of the DNA, such as bending, inherent flexibility, or for in vivo expression, nucleosome positioning.
TAP1 STRUCTURE AND MODE OF ACTIVATION 3435 was grown on Luria broth (42) . In protein expression experiments, E. coli cells were grown on M9 (39) supplemented with 0.5% Casamino Acids and tryptophan (10,ug/ml) when necessary. Ampicillin (50,ug/ml) was added to the medium when necessary. E. coli JM103 (41) was used to propagate bacteriophage and was grown on M9. E. coli C600F+ was used to propagate bacteriophage for single-stranded DNA preparation and was grown on Luria broth. E. coli cultures were grown at 37 or 30°C for protein expression.
Saccharomyces cerevisiae GDS1-25A (MA Ta trpl-1 ura3-1 ade2-10 lys2-10 met4-10 canl-1000 leul-12 TAPI+) and a temperature-sensitive derivative of GDS1-25A, [8] [9] [10] [11] [12] [13] [14] (tapl-1), were used for suppression and RNA studies. The tapl-1 mutant strain was used for complementation studies. Media were as described by Sherman et al. (54) . Cultures were grown at 30°C. For studies at the nonpermissive temperature, cultures were grown at 38°C.
Plasmid YCp50 (47) was the vector for complementation tests. Plasmid pGDS1 contains the 8-kb EcoRI-EcoRI fragment bearing the TAPI gene (15) . Bacteriophages M13mpl8 and M13mpl9 (44) were the cloning vectors used for sequence analysis. trpE fusion vectors pATH2 and pATH3 (55) were used for protein expression. Plasmid pHSS6 (52) was used as an intermediate cloning vehicle in fragment exchange cloning.
Construction of plasmids containing SUP4A53T61. The SUP4A53T61 gene was cloned as a 260-bp BamHI fragment into either the BamHI site of yeast shuttle vector YCpSO (p1T33), the BglII site of yeast shuttle vector pTC3 (plT42 or p1T43, depending on orientation), or an artificially created BamHI site within a 1.8-kb EcoRI-EcoRI fragment containing the coding sequences of the yeast MFoW gene (pTT40, pT141, pTT48, and pTT49; see Fig. 5 ). In p1T40 and pT741, SUP4A53T61 is inserted with its direction of transcription opposite to that of MFEW, whereas in pT148 and p1T49, the genes have the same transcriptional orientation. Plasmids p1T40 and p1T41 (and, similarly, p7T48 and pTT49) were created by flipping an EcoRI piece containing both the tRNATYr and flanking MFil DNAs so that the orientations of each pair differs with respect to flanking YCp5O vector sequences. Plasmid p7T41AS resulted from a SalI deletion and religation of p7T41. Plasmids pT146 and p7T47 resulted from flipping of the EcoRI-EcoRI fragments in pIT142 and p7T43, respectively. Partial BamHI digestion of p7T33, followed by fill-in synthesis, resulted in loss of either the 3' (p7T53) or the 5' (p7T54) BamHI site. These plasmids and pTT41AS allowed the construction of p7T55, a plasmid with a 5' MFW flank and a 3' tetr flank (BamHI-SalI fragment from p7T41AS into BamHI-SalI-cut p7T53). Sim (34) . Miniprep DNA isolation from E. coli was performed by the method of Birnboim and Doly (8) . Isolation of single-stranded M13 DNA was done by the method of Heidecker et al. (23) . Chromosomal DNA from S. cerevisiae was prepared as described by Braus et al. (11) , and plasmid DNA was recovered as described by Ausubel et al. (2) . Total RNA was obtained from S. cerevisiae as described previously (20) . DNA (39) . DNAs for fragment exchange mapping and sequence analysis were obtained from plasmids pGDS1 and pTM11. DNA for trpE fusions was obtained from pGDS1. Restriction fragments less than 2 kb long were purified from 5% polyacrylamide gels (1:30 bisacrylamide-acrylamide ratio) by extraction with 0.lx SSC (lx SSC is 0.15 M NaCl plus 15 mM sodium citrate) at 37°C. Larger restriction fragments were purified from 0.7% agarose gels with GeneClean (Bio 101, La Jolla, Calif.). Ligations were carried out overnight at 15°C. Preparation of competent E. coli cells and transformations were performed by the CaCl2 method (2). Transformants of E. coli RR1 were selected on Luria broth plates supplemented with ampicillin, and clones were verified by restriction analysis of miniprep DNA. For complementation tests, the tapl-1 mutant S. cerevisiae strain was transformed by the spheroplast method (6) . Transformants were selected on plates lacking uracil and then tested for growth at 30 and 38°C. Suppression tests of the ade2-1, lys2-1, and met4-1 ochre alleles in the TAP1 + and tapl-1 strains were performed by replica plating cell patches onto plates lacking adenine, lysine, or methionine and scoring phenotypes after incubation at 30°C for 5 days. Redness was measured on YEPD (1% yeast extract, 2% peptone, 2% dextrose) agar.
TrpE fusion protein expression and purification. Restriction fragments from plasmid pGDS1 (see Fig. 3 ) were attached to the C terminus of trpE sequences in trpE fusion vectors pATH2 and pATH3. Induction of the formation of these fusion proteins was achieved as described by Spindler et al. (55 Preliminary deletion analysis by subcloning and complementation of the tapl-J temperature sensitivity (ts-) lesion showed that the complementing gene is present on a 5.5-kb EcoRI-XbaI fragment (see Fig. 2 ). Within the nucleotide sequence of this fragment (Fig. 1) Chemical nature and phenotypic effect of the tapl-l mutation. DNA containing the entire coding region from the tapl-1 mutant allele was obtained from yeast strain 8-14 (15) by the technique of gapped plasmid repair (45) . DNA of plasmid pGDS1, containing the TAP1 allele, was digested with XbaI nuclease to remove the TAP1 coding region, leaving the flanking chromosomal sequences. When this linear DNA was introduced into cells of strain 8-14, nonreciprocal recombination between the chromosomal tapl-1 locus and the homologous ends restored the original plasmid structure by filling the gap with tapl-1 sequences. By restriction and ligation in vitro, we constructed various hybrid tapl-1/TAP1 genes ( Fig. 2) , exchanging localized regions between the recovered tapl-l-containing plasmid and pGDS1. Each such hybrid plasmid was tested for the ability to complement the ts-growth phenotype of tapl-1 mutant strain 8-14. The results of this analysis ( Fig. 2 ) map the mutant site to a position within a 1.3-kb EcoRV-SstI fragment of the gene. When this segment of the wild-type gene was replaced with tapl-1 DNA, complementation of the tsmutation was lost; conversely, when this segment of TAPI DNA was introduced into the gene recovered from the tapl-1 mutant strain, the resulting DNA was able to complement the ts-growth defect.
To identify the molecular nature of the mutation, the 1.3-kb EcoRV-SstI segment of the tapl-1 allele was sequenced. It proved to have the same sequence as the TAPI allele, except for a single thymine-to-cytosine transition that causes the mutant protein to have a histidine at amino acid 683, where the wild type has tyrosine.
To determine whether the mutation responsible for the tsphenotype also affects suppression, allelic replacement experiments were done by yeast transformation. The 1.3-kb EcoRV-SstI fragment from the wild-type gene was cotransformed into tapl-1 mutant strain 8-14 along with plasmid pTT40, a URA3-containing plasmid which has the SUP4A53T61 gene (see Fig. 5 ) and allows the tapl-1 mutant to grow on plates lacking lysine. Transformants were selected on plates lacking uracil. They were screened for growth at 30 
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AATATCGCGAGkACCGTTTATTATAGTAAAAGATGCAATTTGAAGGTTTCAAGAATTAACTAAAGAAACAACACACAATTTGTGTGAGTTCAAAC 26404 TAPi protein with a T7 system (57) (15) . Definitive tests at the protein level of the relationship between TAPI and TFIIIC, as well as TFIIIB, are made possible by the anti-TAP1 antibodies described above. To determine whether the TAP1 polypeptide was a component of either transcription factor, we carried out Western blot analysis of purified factor preparations, kindly provided by J. Huet and A. Sentenac. In each case, column fractions that covered and bracketed the peak for transcription factor activity were analyzed (Fig. 4) . For TFIIIB fractionated by Cibacron Blue chromatography (Fig.  4, left lanes) , a strong band equal in molecular weight to the predicted TAPI product was obtained in the fraction loaded in lane 1. However, this fraction contained no TFIIIB activity, its peak being in the fractions loaded in lanes 3 and 4. No cross-reaction with anti-TAP1 was seen for any fraction from the TFIIIC DEAE-Sephadex chromatographic fractionation. Thus, the TAP1 protein is definitely not a subunit of TFIIIC and also is unlikely to correspond to the major DNA-binding component present in TFIIIB preparations (5, 32 (Fig. 5) , trans- forming the plasmids into the tapl-1 strain, and measuring the effectiveness with which the met4-1, lys2-1, and ade2-1 ochre alleles were suppressed (Table 1 ). In the initial studies, the SUP4A53T61 gene was inserted as a 260-bp BamHI fragment into either the BamHI site of yeast shuttle vector YCp5O (Fig. 5) or a BamHI site within a 1.8-kb EcoRI-EcoRI fragment of yeast MFotl DNA in YCp5O (EcoRI site) (35) . The point of tDNATyr insertion in the latter sequence was an artificially created BamHI site within the coding sequence for the MFol precursor (Fig. 5) , 170 bp upstream of the first HindIll site (35) . Previously, an insertion of two tandem copies of the SUP4A53T61 gene (head to tail) at this site in VOL. 13, 1993 on (Fig. 6) . The different functions demonstrated for this protein (reviewed in reference 28) include in vitro DNA strand transfer (17, 25) , 5'--3' exonuclease activity (25, 37) , and in vivo effects upon karyogamy (30) and plasmid copy number (31) . The calculated molecular mass of the SEPI gene product is 160 kDa, compared with 116 kDa for TAP1. The multiple regions of sequence similarity between the two proteins occur in the N-terminal part of SEP1; that is, SEP1 contains a C-terminal extension relative to TAP1. Most striking are the perfect matches of 18, 14, and 11 amino acids in the first three lines of Fig. 6 .
A possible nucleic acid-binding site within one of the conserved blocks (overlined in Fig. 6 The position of the tapl-1 mutation is indicated by the asterisk.
sequence (CFFCGNDFLPHLPC) falls within the broad category of potential metal-binding motifs identified by Berg (7) . While this sequence occurs in a region with 10 of 15 residues identical between TAP1 and SEP1, the key metalbinding residues (C and H) are all lacking in SEP1. Therefore, if this region has a metal-binding role in TAP1 function, we expect that SEP1 lacks this function.
In the most C-terminal sequence block conserved between these two proteins, including residues 626 to 728 of TAP1 and 532 to 634 of SEP1, there is a sequence identity of 50% with no gaps. This region is particularly rich in aromatic amino acids in both proteins. Of their combined total of 38 (W + Y + F), 32 occur at corresponding positions in the two proteins. One of these positions, Tyr-683 of TAP1 (opposite Phe-589 of SEP1), is the site of the tapl-1 mutation, which substitutes a histidine for the tyrosine.
DISCUSSION
Our data show that TAP1 does not encode any of the known PoIIII general transcription factors, TFIIIB, TFIIIC, or TFIID (58); for TFIID, this conclusion is based upon a comparison of the gene sequences. The possibility remains open, however, that the TAP1 protein is a previously unrecognized general PoIIII transcription factor. Because of the extensive common or closely related amino acid sequence regions between the TAP1 protein and the previously characterized yeast SEP1 protein, it seems likely that each of these proteins interacts with DNA in a similar manner. In both its activities as a DNA strand transfer protein and as a double-stranded exonuclease, the SEP1 protein appears to recognize particular types of DNA structures rather than act upon specific DNA sequences. Therefore, we are inclined toward the view that tapl-] affects transcription by facilitating an alteration in the DNA structure in or near the SUP4A53T61 gene. On the basis of the nature of the transcription defect of the SUP4A53T61 allele and the interplay we have observed between distant sequences flanking the tRNA gene and the suppression phenotype conferred by the tapl-] mutation, we propose that the function of TAP] involves changes in chromatin structure. In the paragraphs that follow, we review the findings and logical steps that led us to this suggestion.
The SUP4A53T61 transcription defect. Unlike SUP40 and other tRNA genes with high affinity internal promoters, SUP4A53T61 is unable to bind TFIIIC tightly (15) or competitively block transcription of another tRNA gene (yeast tRNA U) that binds TFIIIC with high affinity. Nonetheless, in an S100 system that includes TFIIIB, TFIIIC, and PolIIl, the SUP4A53T61 gene by itself is efficiently transcribed.
Even when transcription has been initiated on the SUP4A53T61 template, TFIIIC molecules continue to be available for transcription of a subsequently added tRNA3 u gene. In a preemption experiment (4) in which either SUP40 or SUP4A53T61 was first added to a transcription extract, followed 2 min later by a reference tRNA u gene, SUP40 DNA totally prevented subsequent tRNA3 u transcription while SUP4A53T61 was ineffective at blocking tRNA Lu transcription (data not shown). While the extent of TFIIIC-A53T61 complex formation is sufficient to allow normal transcription initiation, the failure of A53T61 to preempt implies that its complex with TFIIIC is readily dissociable. When the SUP4A53T61 and tRNA u genes are simultaneously added to the transcription extract, dissociation of the complex between TFIIIC and SUP4A53T61 allows the tRNA3 u gene to form stable transcription complexes, depressing the SUP4A53T61 transcript yield (15) . If the level of TFIIIC were limiting in vivo as it is in these in vitro reactions, the failure of SUP4A53T61 to be transcribed might readily be explained as competition for TFIIIC by the 350 other tRNA genes present in the yeast nucleus. In compar- ison, the number of TFIIIC molecules per haploid nucleus is estimated to be 1,000 (52a), far exceeding the number of tRNA and 5S rRNA genes combined. Therefore, competition for TFIIIC per se is unlikely to be a major factor in determining the transcriptional output of the SUP4A53T61 gene in yeast nuclei. However, the instability of the TFIIIC complex on the SUP4A53T61 gene leads to another important consequence: an increased probability of occupancy of the gene by a nucleosome monomer.
The ability of stable transcription complexes between 5S rDNA, TFIIIA, and TFIIIC to exclude nucleosome formation has been well documented, as has the prevention of transcription complex formation on 5S rRNA genes by preassembled nucleosomes (9, 18, 22, 46) . For the SUP4A53T61 gene in vivo, we suggest that the instability of its complex with TFIIIC makes it uniquely susceptible to transcriptional inactivation by nucleosome formation. In this regard, there is a striking parallel between the template behavior of the yeast SUP4A53T61 tRNATYr gene and the Xenopus laevis oocyte 5S rRNA gene (59) . Both genes can act as templates for nearly normal levels of in vitro transcription, but both are incapable of stable transcription complex formation and both suffer a very strong degree of in vivo transcriptional repression relative to their functional counterparts, the SUP40 allele and the X. laevis somatic 5S rRNA gene (15, 59) . Interestingly, the sequence differences between oocyte and somatic 5S rRNA genes that are believed to differentially affect complex stability and in vivo expression occur in a region of the 5S rRNA gene sequence involved in the binding of TFIIIC (46), as is the case with the A53 and T61 mutations of the SUP4 gene (15) .
Effects of sequences flanking the SUP4A53T61 gene. If, as we hypothesize, the SUP4A53T61 gene in a wild-type yeast cell is subject to inactivation by incorporation into a nucleosome, then the tapl-1 mutant protein is able to prevent this inactivation. Moreover, its ability to do this is strongly dependent upon distant flanking DNA sequences. By testing for tapl-l-dependent ochre suppression by the SUP4A53T61 allele in various contexts, we found that sequences more than 100 bp upstream of the transcription start and more than 50 bp downstream of the transcript terminus strongly affect its expression. All of the plasmid constructs tested (Fig. 5 and Table 1 ) contain exactly the same sequence within the VOL. 13, 1993 on region of SUP4 that can be footprinted by or cross-linked to either TFIIIB or TFIIIC (5, 27) . For this reason, we consider it unlikely that a direct interaction occurs between these proteins and the sequences of MFotl that permit active transcription of SUP4A53T61. Instead, it appears that these distant flanking sequences exert an influence upon the A53T61 template-specifically, upon its transcription activation by the tapl-l mutation. Two obvious possibilities for such a transmissible effect are (i) that some aspect of DNA structure (or protein binding) in the flanking sequence affects DNA topology within the TFIIIB and/or TFIIIC binding sites and thus favors transcription complex formation or (ii) that sequences in the flanking DNA, by affecting the positioning and/or avidity of the nucleosomes bound to them, influence the stability of the nucleosome that covers the SUP4A53T61 gene and its transcription start signal. By this indirect means, the distant flanking sequence determines the potential template activity of SUP4A53T61.
Although these two types of effect may not be mutually exclusive, we choose to emphasize the second of these possibilities because of the precedents that exist for it in the PoIIII system. Burnol et al. (12) have recently found that the yeast U6 small nuclear RNA gene is transcriptionally inactivated by nucleosome assembly in vitro when the U6 gene lacks the specific binding sequence for TFIIIC; when this sequence is present, the U6 gene binds TFIIIC and is not inactivated when chromatin is assembled on it (12).
These results imply that a normal function of TFIIIC binding to a B block may be to preserve an "open" state of the class III gene by protecting against nucleosome formation over its transcription control sequences. For the yeast U6 small nuclear RNA gene, this protective function of TFIIIC can be distinguished from its role in transcription complex assembly (27) , since transcription of U6 in vitro does not require TFIIIC (40) .
Recent in vivo studies of the chromatin structure surrounding a yeast SUP4 tRNATyr gene clearly demonstrate an antagonism between PolIlI transcription (or TFIIIC binding) and nucleosome formation. When a full-strength SUP4 allele was placed next to either of two DNA sequences that strongly position nucleosomes in S. cerevisiae, the tRNA gene remained uncovered by nucleosomes and was actively transcribed (43) . However, with SUP4 alleles that were transcriptionally inactivated by mutation in either internal control element, positioned nucleosomes were found on the gene (43) . This shows that the internal sequence elements that normally bind TFIIIC (5, 13, 56) (16) . They found that with reconstitution on either a 445-bp segment or three smaller fragments, the same preferred positions were occupied by the nucleosomes (16) . In our studies, when the SUP4A53T61 subclone adjoined this segment of pBR322 DNA it was very poorly expressed in either TAP1 or tapl-] mutant yeast cells (Fig. 5 and Table 1) .
Contrasting with the repressive effects of the ARS1 and pBR322 contexts mentioned above is the active expression of SUP4A53T61 observed when it is placed within coding sequences of the yeast MFol gene. High-level tapl-l-dependent transcription of SUP4A53T61 occurs in plasmids pTT4O, pTT41, and pTT41AS ( Fig. 5 and Table 1 [1, 29] ) is an essential gene in S. cerevisiae; therefore, tapl-] cannot be a null mutation. Conceivably, the TAPI-negative null phenotype of nucleic acid synthesis is that which we observed in the tapl-] mutant strain at 38°C. Under these conditions, shutoff of transcription of both RNA PolIII and Poll occurs (15) .
As an alternative possibility, we propose that the TAP1 protein has a normal function in altering the structure of Wk. chromatin (i.e., nucleosomes that cover transcribed regions) so as to allow transcription to proceed. (1) can be carried out only during elongation or subsequent to elongation. As an alternative explanation for the two facets of TAPJ/RATJ activity, we propose that mRNA 3'-end formation normally involves a structural transition in the chromatin template that is catalyzed by the TAPJIRATIencoded protein. In a ts-ratl-l mutant yeast strain, this protein is inactive, the chromatin change fails to occur, and as a consequence, poly(A)+ RNA is not properly released from chromatin and exported to the cytoplasm.
Very similar to the pleiotropic effects of tapl-Ilratl-l mutations that we attribute to chromatin is the set of phenotypes observed for the yeast prp2O mutation. These include defects in mRNA 3'-end formation, pre-mRNA splicing, transcription initiation, and mRNA transport (19) . Because prp2O is homologous to human and Schizosaccharomyces pombe genes involved in chromosome condensation, Forrester et al. have proposed that these multiple lesions in nucleic acid synthesis and transport in prp2O mutant strains are all manifestations of an underlying defect in chromatin structure (19) . Although the proteins encoded by the PRP20 and TAPI genes are unrelated in sequence, the correspondence between their associated phenotypes (1, 15, 19) suggests that the two proteins have parallel roles in yeast chromatin structure and chromosome-associated functions.
